1. Introduction {#sec1-polymers-11-01858}
===============

Currently, the demand for renewable energy resources has been increasing at an accelerated rate because of the depletion of sources of fossil energy, which have been predicted to be exhausted in the near future. Therefore, the search for new energy resources is critical and urgent. Solar energy has emerged as the most promising sustainable and clean alternative along with other green energy sources, e.g., wind energy, wave energy, and hydrogen fuel. Although silicon solar cells have been proved to be very efficient for transforming light to electricity, their successful application is still restrained by their relatively high production cost and intricate manufacturing process \[[@B1-polymers-11-01858],[@B2-polymers-11-01858]\]. To overcome these challenges, many different new generations of solar cells have been proposed and investigated, including quantum dot solar cells \[[@B3-polymers-11-01858],[@B4-polymers-11-01858],[@B5-polymers-11-01858]\], dye-sensitized solar cells \[[@B6-polymers-11-01858],[@B7-polymers-11-01858]\], polymer solar cells (PSCs) \[[@B8-polymers-11-01858],[@B9-polymers-11-01858],[@B10-polymers-11-01858],[@B11-polymers-11-01858],[@B12-polymers-11-01858]\], copper indium gallium selenide (CIGS) solar cells \[[@B13-polymers-11-01858]\], and perovskite solar cells \[[@B14-polymers-11-01858],[@B15-polymers-11-01858],[@B16-polymers-11-01858]\]. Among these, PSCs are considered important because of the numerous advantages such as high flexibility, less toxicity, and low production cost of the roll-to-roll fabrication process \[[@B17-polymers-11-01858],[@B18-polymers-11-01858],[@B19-polymers-11-01858],[@B20-polymers-11-01858]\]. Nevertheless, several challenges need to be addressed before PSCs can be commercialized, such as their low power conversion efficiency and low stability \[[@B10-polymers-11-01858],[@B21-polymers-11-01858]\]. In particular, PSC performance depends on numerous parameters such as device structure, electrodes, buffer layers, and active layers. In practice, PSCs can be fabricated into two different structures---regular and inverted structures---as shown in [Figure 1](#polymers-11-01858-f001){ref-type="fig"}. Besides electrodes and active layers, which are critical factors for determining PSC performance \[[@B10-polymers-11-01858],[@B22-polymers-11-01858]\], buffers layers also have a profound impact on improving the charge transport from active layers to electrodes and device stability \[[@B23-polymers-11-01858]\]. The most common polymer-based hole transport layer in PSCs is poly(3,4-ethylene dioxythiophene)-poly(styrene sulfonate) (PEDOT:PSS). However, PEDOT:PSS is a highly acidic and hygroscopic polymer that can easily absorb water in air and causes fatal damage to the active layers and anode \[[@B24-polymers-11-01858],[@B25-polymers-11-01858],[@B26-polymers-11-01858]\]. Thus, for long-term device operation, PEDOT:PSS should be replaced by more stable hole transport layers.

Recently, carbon materials such as graphene, graphene oxide, carbon quantum dots, graphene quantum dots, carbon nanotubes, and graphitic carbon nitride have emerged as a new class of materials for energy conversion and storage devices such as supercapacitors \[[@B27-polymers-11-01858],[@B28-polymers-11-01858]\], batteries \[[@B29-polymers-11-01858],[@B30-polymers-11-01858]\], catalysts \[[@B31-polymers-11-01858],[@B32-polymers-11-01858]\], and photovoltaic devices \[[@B33-polymers-11-01858],[@B34-polymers-11-01858]\]. Because of their tunable optical and electrical properties, carbon materials have been thoroughly investigated as either hole transport layers or electron transport layers in solar cells \[[@B35-polymers-11-01858]\]. Interestingly, the use of carbon materials as hole transport layers improves not only the light to electric current efficiency but also device stability \[[@B35-polymers-11-01858]\]. Furthermore, most carbon material-based buffer layers are inexpensive and can be synthesized on a large scale \[[@B36-polymers-11-01858],[@B37-polymers-11-01858],[@B38-polymers-11-01858],[@B39-polymers-11-01858],[@B40-polymers-11-01858]\]; thus, they are expected to be the most futuristic technology for traditional hole transport layers (HTLs) and electron transport layer (ETLs) toward commercialization.

In this review, we first focus on the structures and properties of carbon-based materials and their advantages as buffer layers. Next, we highlight the recent strategies for implementing these carbon-based materials as efficient buffer layers in PSCs. More precisely, recent approaches to modifying the optical and electrical properties of different carbon-based materials, including thermal treatment, chemical treatment, functionalization, doping, and compositional engineering toward high-performance PSCs, are summarized and discussed. Finally, the remaining challenges and directions for future development are included.

2. Structures and Properties {#sec2-polymers-11-01858}
============================

2.1. Graphene {#sec2dot1-polymers-11-01858}
-------------

Graphene is a monolayer, 2-dimensional carbon network organized in a honeycomb lattice with sp^2^ hybridization \[[@B41-polymers-11-01858]\] and can be obtained through exfoliation of graphite \[[@B42-polymers-11-01858],[@B43-polymers-11-01858]\] or metal-catalyzed chemical vapor deposition (structure shown in [Figure 2](#polymers-11-01858-f002){ref-type="fig"}a) \[[@B44-polymers-11-01858]\]. In general, graphene exhibits a high in-plane electrical conductivity exceeding 1000 S m^−1^ \[[@B45-polymers-11-01858]\], a high thermal conductivity of \~4000--5000 W m^−1^ k^−1^ \[[@B46-polymers-11-01858],[@B47-polymers-11-01858]\], high optical transmittance of 98% \[[@B48-polymers-11-01858]\], and large specific surface area of 2630 m^3^ g^−1^ \[[@B49-polymers-11-01858]\]. In addition, graphene displays excellent mechanical properties with a tensile strength of \~130 GPa and Young's modulus of 1 TPa \[[@B50-polymers-11-01858]\]. These intrinsic properties suggest that graphene can be a promising candidate for applications in flexible electronic and optoelectronic devices \[[@B51-polymers-11-01858]\]. Specifically, graphene has been demonstrated to be successful potential electrodes and buffer layers in PSCs. In addition to its good conductivity and transparency, work function is another factor that determines the performance of buffer layers in optoelectronic devices. Briefly, high work-function buffer layers can be employed as hole transport layers, whereas low work-function buffer layers can be utilized as electron transport layers. Because the work function of pristine graphene is relatively low (\~4.2 eV), it can be only used as an electron transport material in photovoltaic devices \[[@B52-polymers-11-01858],[@B53-polymers-11-01858]\]. However, it can be utilized as HTLs by forming a composite structure with other HTLs such as PEDOT:PSS, MoO~3~, and WO~3~.

2.2. Graphene Oxide {#sec2dot2-polymers-11-01858}
-------------------

Graphene oxide (GO) is produced from the oxidation of graphene via reacting with a strong oxidant or acid which generally comprises numerous functional groups such as hydroxyl, epoxy, carbonyl phenol, lactone, quinine, and carboxyl groups ([Figure 2](#polymers-11-01858-f002){ref-type="fig"}b) \[[@B54-polymers-11-01858],[@B55-polymers-11-01858]\]. Because the lattice structure of graphene is damaged and distorted upon oxidation, the structures and properties vary depending on the conditions of fabrication \[[@B54-polymers-11-01858],[@B55-polymers-11-01858]\]. For more in-depth understanding, many different structure models have been proposed and investigated such as those by Hofmann and Holst, Ruess, Scholz and Boehm, Nakajima and Matsuo, and Left and Klinowski \[[@B56-polymers-11-01858]\]. However, the actual structure of GO was not identified until 2010 when Erickson et al. reported a vivid illustration of the GO structure using high-resolution transmission electron microscopy (HR-TEM) \[[@B57-polymers-11-01858]\]. As displayed in [Figure 3](#polymers-11-01858-f003){ref-type="fig"}, GO comprises three distinct areas---a graphitic region, holes, and a distorted region. Among these regions, the graphitic region was presumed to be the unreacted basal plane of graphene, whereas holes were created when graphene was exfoliated and oxidized, releasing CO and CO~2~ gases. Furthermore, the distorted region is postulated to originate from the highly distributed, oxygen-containing functional groups.

As mentioned above, the properties of GO are adjustable, primarily by controlling the functional groups and the degree of oxidation. In particular, GO with dominant sp^3^ hybridization has a wide bandgap and can thus be applied as an insulating material with a sheet resistant (Rs) of up to 12 ohm sq^−1^. Depending on the applications, the Rs of GO can be tuned via thermal or chemical reduction. Thus, GO can be tuned from an insulator to a semiconductor and ultimately a semi-metal. The increase in conductivity is attributed to the transformation of sp^3^ to sp^2^ hybridization \[[@B58-polymers-11-01858]\]. In addition, the work function of GO can also be tuned from 5.72 to 4.43 eV upon treatment \[[@B58-polymers-11-01858]\]. These properties indicate that GO can be employed in PSCs as either HTL or ETL; however, specific treatment should be applied.

2.3. Carbon Nanotube {#sec2dot3-polymers-11-01858}
--------------------

Carbon nanotubes (CNTs) are graphene allotropes in which graphene sheets are rolled up to form a unique 1D cylindrical shape with sp^2^ hybridization \[[@B59-polymers-11-01858]\]. Based on the number of layers (n), CNTs can be classified into single-wall CNTs (SWCNTs) (n = 1) and multiple wall CNTs (MWCNTs) (n ≥ 2) ([Figure 2](#polymers-11-01858-f002){ref-type="fig"}c) \[[@B60-polymers-11-01858]\]. The diameter of SWCNTs ranges from 0.4 to 3 nm, while their length is up to a few million times of the diameter \[[@B61-polymers-11-01858]\]. The diameter of MWCNTs, in contrast, has been estimated to be 1.4--100 nm, depending on the number of layers. The distance between each layer of MWCNTs is approximately 3.4 Å, which is similar to that of graphene in graphite \[[@B60-polymers-11-01858],[@B62-polymers-11-01858]\]. The properties of CNTs are significantly influenced by the chiral vector, as shown in [Figure 4](#polymers-11-01858-f004){ref-type="fig"} \[[@B62-polymers-11-01858],[@B63-polymers-11-01858]\]. By controlling the direction of rolling, the properties of CNTs can be modulated between semiconductors and metals \[[@B64-polymers-11-01858]\]. CNT based transparent conductive films exhibit an Rs of 208 and 24 Ω sq^−1^ with a transmittance of 90% and 83.4%, respectively. It is confirmed that there is a significant trade-off between electrical conductivity and transmittance \[[@B65-polymers-11-01858]\]. To attain the best device performance, optimizing CNT thickness is essential. In addition, to determine the role of CNTs as buffer layers, the work function of CNTs needs to be verified. Interestingly, CNTs exhibit a much higher work function (\~4.9--5.05 eV) compared with graphene (\~4.2 eV), indicating that CNTs are potential HTLs rather than ETLs \[[@B66-polymers-11-01858]\].

2.4. Carbon and Graphene Quantum Dots {#sec2dot4-polymers-11-01858}
-------------------------------------

Carbon quantum dots (CQDs) and graphene quantum dots (GQDs) are zero-dimensional carbon-based materials; however, they are two different allotropes with significant differences in their structures and properties ([Figure 2](#polymers-11-01858-f002){ref-type="fig"}d). In short, CQDs are quasi-spherical nanoparticles with a diameter under 10 nm that are formed either from crystalline graphite cores with sp^2^ hybridization or from amorphous carbon. In contrast, GQDs are fabricated from single or few graphene layers with a diameter of less than 10 nm. Basically, CQDs and GQDs are passivated with many complex functional groups such as carboxylate and hydroxylate derivatives that remain after fabrication. These functional groups largely affect the optical properties, electrical properties, and solubility of CQDs and GQDs \[[@B67-polymers-11-01858]\]. Both CQDs and GQDs have been found to exhibit a pronounced quantum confinement effect, which enables them to emit light in a wide range of visible light depending on their diameters and surface/edge states \[[@B68-polymers-11-01858],[@B69-polymers-11-01858],[@B70-polymers-11-01858]\]. GQDs inherit most of the properties of graphene and GO. Thus, they can also work well as buffer layers in PSCs. According to previous reports, the work function of GQDs is larger than 5 eV, suggesting that they are promising HTLs for PSCs \[[@B71-polymers-11-01858]\]. Interestingly, the work function of GQDs can be reduced to 4--4.5 eV via alkaline metal doping, suggesting that they can also be utilized as ETLs with proper treatment \[[@B71-polymers-11-01858]\].

2.5. Graphitic Carbon Nitride {#sec2dot5-polymers-11-01858}
-----------------------------

Carbon nitride (C~3~N~4~) is a newly identified carbon-based material that has also drawn significant attention in recent years for application in photocatalysis and optoelectronic devices \[[@B72-polymers-11-01858],[@B73-polymers-11-01858],[@B74-polymers-11-01858],[@B75-polymers-11-01858]\]. It has several allotropes, including graphitic C~3~N~4~ (g-C~3~N~4~), cubic-C~3~N~4~, pseudocubic-C~3~N~4~, a-C~3~N~4~, and b-C~3~N~4~ \[[@B76-polymers-11-01858],[@B77-polymers-11-01858]\]. Among these, graphitic carbon nitride has been found to be the most stable structure comprising tri-s-triazine units connected to each other via tertiary amines ([Figure 2](#polymers-11-01858-f002){ref-type="fig"}e) \[[@B77-polymers-11-01858]\]. Generally, g-C~3~N~4~ is a semiconductor with a wide bandgap of 2.7 eV with a high specific area of 2500 m^2^ g^−1^ \[[@B78-polymers-11-01858]\]. Because of its wide bandgap, g-C~3~N~4~ displays an acceptable transmission that can be used in photovoltaic devices \[[@B79-polymers-11-01858]\]. Furthermore, the work function of g-C~3~N~4~ was computed to be 4.65 eV and can be severely reduced by adding halogen dopants, suggesting that this material can function as ETLs in PSCs \[[@B80-polymers-11-01858]\].

3. Application of Carbon Buffer Layers in PSCs {#sec3-polymers-11-01858}
==============================================

3.1. Graphene Buffer Layers {#sec3dot1-polymers-11-01858}
---------------------------

To date, the most reported applications of graphene in PSCs are related to transparent conductive electrodes rather than buffer layers. Nevertheless, several efforts have been made to introduce graphene as HTLs and ETLs by forming composites with other HTLs or ETLs. For example, Dang et al. found that the addition of graphene could enhance the hole extraction capability of MoO~3~-based HTLs by improving optical transmittance, electrical conductivity, and hole mobility \[[@B81-polymers-11-01858]\]. Furthermore, the graphene-MoO~3~ composite exhibits a work function close to the highest occupied molecular orbital (HOMO) level of the organic active layers (Poly\[N-9″-hepta-decanyl-2,7-carbazolealt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)\] (PCDTBT) \[[@B81-polymers-11-01858]\]. Therefore, the power conversion efficiency of PSC can be improved by 17% compared with that of pristine MoO~3-~based devices. The device structure of PSCs, TEM images of G-MoO~3~, SEM images of G-MoO~3~ film, and device characteristics of G-MoO~3~-based PSCs are shown in [Figure 5](#polymers-11-01858-f005){ref-type="fig"}. Iakobson et al. developed a novel HTL by combining graphene nanosheets with polyaniline in the presence of poly(2-acrylamide-2-methyl-1-propanesulfonic acid) (PAMPSA) \[[@B82-polymers-11-01858]\]. The composite HTLs exhibited good conductivity with a high work function of 5.27 eV, thus resulting in good PSC performance with a PCE of 2.9%.

3.2. Graphene Oxide Buffer Layers {#sec3dot2-polymers-11-01858}
---------------------------------

In contrast to graphene, GO has received much more attention as HTLs because of its comparable work function and because it can be solution-processed on a large scale. The research on GO as HTLs has increased from 2010 onwards when Li et al. successfully demonstrated high-performance PSCs based on this material which is comparable to that of PEDOT:PSS \[[@B83-polymers-11-01858]\]. Specifically, they fabricated GO nanosheets with a work function of 4.7 eV which is well-matched with the HOMO level of the organic donor in the bulk heterojunction active layer (poly(3-hexylthiophene, P3HT; [Figure 6](#polymers-11-01858-f006){ref-type="fig"}a). Consequently, GO-based PSCs exhibit a remarkable high PCE of 3.5%, which is about two-times higher than that of devices without HTL (PCE = 1.8%) and comparable with that of PEDOT: PSS based devices (PCE = 3.6%) ([Figure 6](#polymers-11-01858-f006){ref-type="fig"}b). Notably, the performance of GO-based HTLs significantly depends on GO thickness. Furthermore, when the GO thickness was increased from 2 to 10 nm, the PCE and fill factor of the polymers solar cells was drastically reduced from 3.5% and 54% to 0.9 and 19%, respectively ([Figure 6](#polymers-11-01858-f006){ref-type="fig"}c) \[[@B83-polymers-11-01858]\]. The reduction in device performance is mainly attributed to the insulating nature of GO, which hinders the charge transport from active layers to the anode. Therefore, to attain better device performance, either the uniformity or the conductivity of the GO layer needs to be improved. In fact, the conductivity of the GO layer can be increased through chemical reduction or thermal reduction, resulting in reduced GO (rGO) \[[@B56-polymers-11-01858]\]. However, the reduction of GO generally leads to a decrease in work function, thus forming an energy barrier between the active layers and HTLs. Therefore, the reduction process for GO should be carefully optimized to improve conductivity while maintaining the required work function. For example, Rafique et al. obtained a moderately reduced GO via UV--ozone treatment (UVO) and applied the GO as HTL in PSCs \[[@B84-polymers-11-01858]\]. The moderate reduced GO showed a high work function of 4.9 eV with improved conductivity. Thus, 15-min UVO--GO-based PSCs (PCDTBT: \[[@B6-polymers-11-01858],[@B6-polymers-11-01858]\]-Phenyl-C71-butyric acid methyl ester (PC~71~BM)) yield a PCE of 4.07%, which is two times higher than that of devices based on non-treated GO as HTLs. Similarly, Xia et al. improved the PCE of the PSC from 1.8% (pristine GO-HTLs) and 3.73% (PEDOT:PSS-HTLs) to 4.18% through a UVO-treatment on GO for 30 min \[[@B85-polymers-11-01858]\]. The UVO-treated GO not only significantly improved the device performance but also device stability. Particularly, the UVO-treated GO based PSC maintained 90% of its original PCE after being kept for 40 days in an Ar-filled glovebox. Meanwhile, the PEDOT: PSS based device retained only 77% of its performance under the same storage time and condition. Apart from UVO reduction, thermal reduction is also a good approach that allows us to control the level of reduction precisely by controlling temperature and time. For instance, Jeon et al. performed post thermal reduction of GO films at different temperatures ranging from 150 to 250 and 350 °C and used the films as HTLs \[[@B86-polymers-11-01858]\]. The best reduction temperature for GO as HTLs was found to be 250 °C (250-GO); at this temperature, a drastic increase in PEC of the solar cells from 1.47% (pristine GO-HTLs) to 3.89% was observed, which was higher than that of PEDOT:PSS based devices (PCE = 3.85%). The increase in PSC performance originated from the increase in electrical conductivity from 8 × 10^−6^ to 1.8 S m^−1^. These results are in perfect accordance with the results of a study conducted by Liu et al. \[[@B87-polymers-11-01858]\]. At higher reduction temperature, the work function of GO reduces lower than the required work function for an HTL, thus deteriorating device performance \[[@B87-polymers-11-01858]\]. Instead of merely using thermal reduction, Murray et al. retreated rGO with UVO to improve the work function, yielding PSC (Poly({4,8-bis\[(2-ethylhexyl)oxy\]benzo\[1,2-b:4,5-b′\]dithiophene-2,6-diyl}{3-fluoro-2-\[(2-ethylhexyl)carbonyl\]thieno\[3,4b\]thiophenediyl}) (PTB7):PC~71~BM) with a PCE of 7.39% and excellent stability \[[@B88-polymers-11-01858]\]. More recently, Kwon et al. presented a new approach for the reduction of GO using an electron beam irradiation method. The performance of the ion beam treated GO as HTLs was found to be good \[[@B89-polymers-11-01858]\]. However, this method included a complex process with expensive equipment and was costly. Thus, it was not developed further. Other than post-reduction on deposited GO film, GO can be reduced in a solution prior to film deposition. It should be noted that many functional groups will be removed upon reduction. Thus, the reduction of GO normally causes the aggregation of rGO in a solution which in turn results in a low-quality rGO film, thus lowering device performance \[[@B90-polymers-11-01858]\]. To counter this problem, Yun et al. proposed a new reduction agent, p-toluenesulfonyl hydrazine, for the reduction of GO (prGO) \[[@B90-polymers-11-01858]\]. They found that p-toluenesulfonyl hydrazine can effectively remove oxygen-containing functional groups on GO as pristine hydrazine, while new functional groups such as p-toluenesulfonyl were introduced. Because of the incorporation of the bulky p-toluenesulfonyl groups, the dispersion of prGO was better than that of hydrazine reduced GO (hrGO). Therefore, uniform spin-coated prGO films were formed, which were comparable to GO films. In contrast, hrGO films exhibit severe aggregation because of poor dispersion in solvents. The morphologies of GO, hrGO, and prGO are shown in [Figure 6](#polymers-11-01858-f006){ref-type="fig"}d. Interestingly, the conductivity of prGO was similar to that of hrGO regardless of new functional groups being introduced ([Figure 6](#polymers-11-01858-f006){ref-type="fig"}e). When the conditions of reduction were optimized, prGO-based PSCs (P3HT: PCBM) displayed enhanced performance with a PCE of 3.63%, which is significantly higher than that of GO-based devices (PCE = 2.23%) and hrGO-based devices (PCE = 2.83%). Importantly, prGO-based PSCs display significant enhancement in device stability, as shown in [Figure 6](#polymers-11-01858-f006){ref-type="fig"}f. These results indicate a crucial role of functional groups in the performance of GO and rGO based PSCs. Recently, Cheng et al. developed a fluorine-functionalized rGO (F-rGO) employing 2,3,5,6-tetrafluoro-4-(trifluoromethyl)phenylhydrazine hydrazine as a reducing agent and applied F-rGO in PSCs as HTLs \[[@B91-polymers-11-01858]\]. Interestingly, the resulting F-rGO exhibited good dispersion in solvent, a high work function of 5.1 eV, and better conductivity compared to that of GO. The use of F-rGO as HTLs in PSCs yielded better device performance (PCE = 8.6%) compared with that of PEDOT: PSS (PCE = 7.9%) and pristine GO (PCE = 7.8%). Instead of using hydrazine as a reducing agent, Liu et al. improved the conductivity of GO by treating it with fuming sulfuric acid. The authors found that the --OSO~3~H groups were attached to the reduced basel plan of rGO surrounded by edge-functionalized --COOH groups. These functional groups help maintain the solubility of GO-OSO~3~H in the solution while improving the conductivity from 0.004 S m^−1^ to 1.3 S m^--1^, thus improving the PCE of the PSCs (P3HT: PCBM) from 3.34% (GO-based devices) to 4.37% \[[@B92-polymers-11-01858]\].

In addition, GO and rGO can form layer-by-layer films or blending films with other HTLs to improve the overall performance of PSCs in terms of efficiency and stability because the work function of GO can be modulated between the transparent indium tin oxide electrode (ITO) and PEDOT: PSS. The insertion of GO between ITO and conventional HTLs can result in cascade energy levels, which facilitate the charge transport from the active layers to the anode ([Figure 6](#polymers-11-01858-f006){ref-type="fig"}g). Furthermore, GO can protect the ITO glass from corrosion caused by the highly acidic nature of PEDOT: PSS. Therefore, the use of double layers HTLs comprising GO can significantly improve the conversion efficiency and stability of PSCs. For example, Refiqua et al. demonstrated a pronounced enhancement in the performance of PSCs using a GO/PEDOT:PSS double deck as HTLs (PCE = 4.28%). This performance is considerably better than that of devices using individual HTLs such as GO (PCE = 2.77%) and PEDOT: PSS (3.57%) ([Figure 6](#polymers-11-01858-f006){ref-type="fig"}h) \[[@B93-polymers-11-01858]\]. In addition, by using GO/PEDOT: PSS HTLs, Refique et al. discovered that the additional appropriate UVO-treatment (10 min) on the surface of the double layer can further enhance PCE up to 5.24% \[[@B94-polymers-11-01858]\]. However, the PCE of the device dramatically dropped to 2.11% because of the damage to the surface of PEDOT: PSS for more than 15 min of UVO treatment. Interestingly, the lifetime of the PSC that used GO/PEDOT: PSS as HTLs was significantly improved in comparison with that of the controlled device. In specific, the PCE of the GO/PEDOT: PSS based PSC was slightly degraded by 20%, while the PCE of PEDOT: PSS based PSC dropped by 70%, after being kept in air for 240 h. The improvement in device stability was attributed to the GO layer that effectively prevented direct contact between the acidic PEDOT: PSS and the ITO substrate. Besides, GO can also be used as an efficient combination to improve the transport properties of other HTLs. For example, Dang et al. obtained high-performance PSCs with a PCE of 5.1% using GO/MoO~3~ composites as HTLs, which is considerably higher than that of GO-based devices (1.59%) and MoO~3~-based devices (2.5%) \[[@B95-polymers-11-01858]\].

Because the work function of GO is high, its application as ETLs remains questionable. As discussed above, the work function of GO can be reduced through reduction (\~4.5 eV); however, it still is not sufficient for the transportation of electrons from PCBM to the anode. To overcome this challenge, Liu et al. proposed a new approach to reduce the work function of GO through doping \[[@B96-polymers-11-01858]\]. Interestingly, the work function of GO was modulated to 4.0 eV after treating with Cs, thus allowing GO to be used as ETLs \[[@B96-polymers-11-01858]\]. The incorporation of Cs into rGO is shown in [Figure 7](#polymers-11-01858-f007){ref-type="fig"}a. The energy levels of normal PSC and inverted PSC using GO-HTLS and CO-Cs-ETLs are shown in [Figure 7](#polymers-11-01858-f007){ref-type="fig"}b. Because of the matching energy levels, PSCs (P3HT: PCBM) exhibited a high PCE of 3.0%, which approached the performance of commercial buffer layers (PEDOT: PSS and LiF) ([Figure 7](#polymers-11-01858-f007){ref-type="fig"}c,d). Furthermore, GO can be applied as ETLs in PSCs by pairing with other low work function metal oxides such as ZnO~2~ and TiO~2~ \[[@B97-polymers-11-01858]\].

3.3. Carbon Nanotube Buffer Layers {#sec3dot3-polymers-11-01858}
----------------------------------

CNTs have been used as a promising candidate for improving the properties of PSCs since their discovery \[[@B98-polymers-11-01858],[@B99-polymers-11-01858]\]. However, the role of CNTs as HTLs was not reported, because of the difficulty in assembling the CNTs into thin films, until 2007 when Chaudhary et al. successfully obtained CNT films by deep coating and applied the films in PSCs \[[@B100-polymers-11-01858]\]. In fact, they studied not only the CNT film as HTLs but also the comprehensive function of CNTs in PSCs. For the investigation, CNTs were assembled in five different positions, as shown in [Figure 8](#polymers-11-01858-f008){ref-type="fig"}a. The SEM image of the assembled CNT film is shown in [Figure 8](#polymers-11-01858-f008){ref-type="fig"}b. The PCE values of PSCs with a configuration from 1 to 5 are 4%, 4.9%, 4.9%, 3.3%, and 0.01%, respectively. Clearly, the device structure numbered two and three performed the best where CNTs acted as HTLs. When CNT was incorporated into the P3HT: PCBM bulk heterojunction (4), the current density and PCE were drastically dropped possibly because of the interference effect of CNTs which decreased the exciton dissociation in the active layers. Instead of fabricating a layer-by-layer structure, Dabera et al. blended SWCNTs with P3HT and used them as HTLs in PTB7:PC~71~BM based PSCs. A high PCE of 7.6% was achieved, which is slightly higher than that of PEDOT: PSS-based devices (PCE \~7.3%) ([Figure 8](#polymers-11-01858-f008){ref-type="fig"}c--e) \[[@B101-polymers-11-01858]\]. Furthermore, a combination of CNTs with other carbon-based HTLs was also reported \[[@B102-polymers-11-01858]\]. For example, Kim et al. found that the addition of a small amount of SWCNT into GO gives rise to a significant enhancement in the conductivity of HTL without affecting morphology \[[@B102-polymers-11-01858]\]. Thus, composite HTLs improved the PCE of PSCs (P3HT: PCBM) from 3.28% to 4.1%. Recently, Zhang et al. found that stand-alone CNTs can work well as HTLs; however, they can be further enhanced via amino functionalization \[[@B103-polymers-11-01858]\]. Typically, the PCE of the PSCs (PCDTBT: PC~71~BM) was improved from 5.7% (pristine CNTs) to 6.97%, which can be attributed to the increase in work function from 5.09 to 5.2 eV.

3.4. Graphene Quantum Dots Buffer Layers {#sec3dot4-polymers-11-01858}
----------------------------------------

Graphene quantum dots exhibit many electronic properties for application as prospective HTLs for high-performance PSCs, such as good conductivity, high work function, and good solubility for a solution-fabrication process. As reported by Li et al., GQD-based PSCs exhibit high performance, which are superior to that of GO as HTLs \[[@B104-polymers-11-01858]\]. Furthermore, the performance of PSCs is less dependent on the thickness of GQDs, as observed in GO-based devices. The device characteristics of PSCs as a function of HTL-thickness are shown in [Figure 9](#polymers-11-01858-f009){ref-type="fig"}a,b. The PCE value of GQD-based devices becomes slightly lower (2.5%) when the thickness is increased to 7 nm, whereas the PCE value of GO-based devices is almost 0% at a GO-thickness of 7 nm. Furthermore, GQDs offered better device stability compared to that of PEDOT: PSS and GO as HTLs. Typically, the PCE of PEDOT: PSS-, GO- and GQDs-based PSCs was measured to be 0%, 34%, and 45% of their initial PCE after exposure to air ambient for 8430 min, without encapsulation. These results suggest that GQDs could be a better alternative than GO for PEDOT: PSS as HTLs.

Similar to the case of GO, functional groups on GQDs enable its high solubility in various solvents. Thus, GQDs can be mixed well with other HTLs such as PEDOT: PSS without severe aggregation. The role of GQDs in GQD/PEDOT: PSS composite HTLs was fully demonstrated in a study conducted by Kim et al. \[[@B105-polymers-11-01858]\]. Typically, they discovered that the addition of GQDs could result in an increase in grain size of the PEDOT: PSS film, possibly because of the interaction between the negatively charged GQDs and positively charged PEDOT polymers. The increase in PEDOT: PSS grains in GQDs/PEDOT: PSS HTLs leads to a significant increase in the current density of the device, thus improving the PCE from 7.52% to 8.17%. The structure and device performance of the PSCs using GQDs/PDOT: PSS as HTLs are shown in [Figure 9](#polymers-11-01858-f009){ref-type="fig"}c--f.

For application as ETLs, several approaches for reducing the work function of GQDs have been developed, including functionalization and doping. For example, Xu et al. functionalized GQDs with ammonium iodide (GQD-NI), showing high electrical conductivity and transparency and appropriate band energy for lowering the barrier between the active layer and cathode \[[@B106-polymers-11-01858]\]. The interfacial characteristics of GQD-NI as ETLs are shown in [Figure 9](#polymers-11-01858-f009){ref-type="fig"}h. As can be seen, the work function of Ag was significantly reduced from 4.8 to 3.8 eV because of the formation of a dipole as the GQD-NI metal interface. In contrast, the GQD-NI modified Al electrode showed an even lower work function of 3.4 eV. The secondary electron cutoff region in the ultraviolet photoelectron spectrum of QDs-NI-modified electrodes is displayed in [Figure 9](#polymers-11-01858-f009){ref-type="fig"}a. The use of GQD-NI as ETLs in PSCs with a structure of ITO/PEDOT: PSS/PCDTBT: PC~71~BM/GQD-NI/Al exhibited a PCE of 7.49%, which is much higher than that of Ca-based ELTs (PCE = 6.72%) ([Figure 9](#polymers-11-01858-f009){ref-type="fig"}i). Similarly, Ding et al. functionalized tetramethylammonium at the edge of GQDs (GQDs-TMA). The functional groups on GQDs acted as an interfacial dipole for decreasing the work function of the cathode, thus improving device performance \[[@B107-polymers-11-01858]\]. Typically, the performance GQDs-TMA-based devices (PCE = 7.01%) is superior to that of other ELTs including Ca, Lif, and ZnO (PCE \< 6.5%). In addition to GQDs, CQDs as ETLs in PSCs have also been demonstrated. For example, Yan et al. synthesized CQDs using the chemical vapor deposition method and used them as ETLs in PSCs \[[@B108-polymers-11-01858]\]. The as synthesized CQDs showed an average diameter of 3.5 nm with hydrophobic --CH~3~ terminal groups and a bandgap of 3.5 eV (−7 eV/−3.84 eV). The CQD-based devices showed similar PCEs in comparison to that of LiF-based devices; however, the stability was significantly improved. Instead of using bare CQDs, Wang et al. used N,S doped quantum dots in PSCs as the additive for ZnO-ETLs to boost the PCE of solar cells (PTB7-Th:PC~71~BM) from 4.67% (pristine ZnO) to 9.29% \[[@B109-polymers-11-01858]\]. These results indicate that either GQDs or CQDs can be used as efficient buffer layers in PSCs; however, proper treatment or functionalization is required.

3.5. Graphitic Carbon Nitrides {#sec3dot5-polymers-11-01858}
------------------------------

Generally, g-C~3~N~4~ is used in PSCs as an acceptor associated with organic donors such as P3HT, resulting in a significant improvement in the open-circuit voltage (V~oc~) \[[@B110-polymers-11-01858]\]. Chen et al. demonstrated that the incorporation of g-C~3~N~4~ into bulk heterojunction PSCs could improve their PCE by more than 10% \[[@B111-polymers-11-01858]\]. The use of g-C~3~N~4~ as a buffer layer in PSCs has also been reported \[[@B112-polymers-11-01858],[@B113-polymers-11-01858]\]. The device structure and energy band diagram of inverted PSCs that use g-C~3~N~4~ as ETLs are shown in [Figure 10](#polymers-11-01858-f010){ref-type="fig"}a--c \[[@B112-polymers-11-01858]\]. The work function of g-C~3~N~4~ lies between the lowest unoccupied molecular orbital (LUMO) of PC~71~PM and ITO; thus, it can facilitate the transportation of electrons from the active layer to the anode. In addition, the C~3~N~4~ coated ITO showed transmittance similar to that of the bare ITO substrate ([Figure 10](#polymers-11-01858-f010){ref-type="fig"}d), indicating that it can be used as a transparent buffer layer in PSCs. From [Figure 10](#polymers-11-01858-f010){ref-type="fig"}e, it is clear that the use of g-C~3~N~4~ as ETLs can effectively increase the overall device performance. Specifically, the PCE of PSCs was increased from 3.67% (without ETLs) to 6.4%. This result indicates that g-C~3~N~4~ is a promising candidate as ETL; however, more investigations are required. Furthermore, to our best knowledge, the application of g-C~3~N~4~ as HTLs in PSCs has not been reported yet; thus, there is still room for investigation for future development.

4. Conclusions and Outlooks {#sec4-polymers-11-01858}
===========================

In this review, we have rationally highlighted and discussed the recent progress in the development of carbon-based materials as buffer layers in PSCs. We also highlighted strategies to improve the charge-transfer properties of carbon-based materials, such as thermal treatment, chemical treatment, functionalization, doping, and compositional engineering, thus improving device efficiency. The performance of carbon-based HTLs in PSCs was found to be comparable to that of commercial PEDOT: PSS. Importantly, the lifetime of devices has been significantly improved. Furthermore, carbon-based materials have also proven to be efficient ETLs. Typically, GO and GQDs were demonstrated to be compatible with either ETLs or HTLs in PSCs. All-carbon buffer layers-based devices have also been reported with remarkable high performance and stability, suggesting that carbon-based buffer layers are essential for the future development of PSCs, which require more attention and investigation in the near future. The next stage of research on carbon-based buffer layers should focus on (1) developing large-scale synthesis methods for carbon materials via low-temperature solution processes, (2) optimizing the energy level and conductivity of HTLs, and (3) developing a roll-to-roll deposition process to control the thickness and uniformity of the products, thus targeting industrialization.
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![Structure of normal and inverted polymer solar cells (PSCs).](polymers-11-01858-g001){#polymers-11-01858-f001}

![Structure of carbon materials (**a**) graphene, (**b**) graphene oxide (GO), (**c**) single-wall and multiple-wall carbon nanotubes, (**d**) carbon quantum dots and graphene quantum dots, and (**e**) graphitic carbon nitride.](polymers-11-01858-g002){#polymers-11-01858-f002}

![Aberration-corrected TEM image of a single sheet of suspended GO. The scale bar is 2 nm. Expansion (**A**) shows, from left to right, a 1-nm^2^ enlarged oxidized region of the material, then the proposed possible atomic structure of this region with carbon atoms in gray and oxygen atoms in red, and finally the average of a simulated TEM image of the proposed structure and a simulated TEM image of another structure where the position of oxidative functionalities has been changed. Expansion (**B**) focuses on the white spot on the graphitic region. This spot moved along the graphitic region, but remained stationary for 3 frames (6 s) at a hydroxyl position (left portion of expansion (**B**)) and for 7 frames (14 s) at a (1,2) epoxy position (right portion of expansion (**B**)). The ball-and-stick figures below the microscopy images represent the proposed atomic structure for such functionalities. The simulated TEM image for the suggested structure agrees well with the TEM data. Expansion (**C**) shows a 1 nm^2^ graphitic portion from the exit plane wave reconstruction of the focal series of GO and the atomic structure of this region. Reproduced with permission \[[@B57-polymers-11-01858]\].](polymers-11-01858-g003){#polymers-11-01858-f003}

![(**a**) Unrolled single layer graphene sheet showing the geometry of single-wall carbon nanotubes (SWCNTs). Examples of three types of nanotube (**b**) sidewalls---zig-zag, (**c**) armchair, and (**d**) chiral. Reproduced with permission \[[@B63-polymers-11-01858]\].](polymers-11-01858-g004){#polymers-11-01858-f004}

![(**a**) Schematic diagram of PSCs showing the cross-sectional image of the device structure with the following layers: ITO/G-MoO~3~/PCDTBT:PC~71~BM/LiF/Al. (**b**) TEM image of G-MoO~3~ nanoparticles. (**c**) HRTEM image of MoO~3~ covered by graphene. (**d**) Low-magnification SEM of G-MoO~3~ films when applied to the surface of glass. (**e**) High-magnification SEM of G-MoO~3~ films when applied to the surface of glass. J--V curves of OSCs with MoO~3~ and hybrid G-MoO~3~ hole transport layers (HTLs) (**f**) under illumination and (**g**) in the dark. (**h**) IPCE spectra of PSCs with MoO~3~ and G-MoO~3~ HTLs. (**i**) The transmittance of MoO~3~ and G-MoO~3~ films. Reproduced with permission \[[@B81-polymers-11-01858]\].](polymers-11-01858-g005){#polymers-11-01858-f005}

![(**a**) Schematic and band diagram of a PSC device consisting of ITO/GO/P3HT: PCBM/Al. (**b**) Current--voltage characteristics of photovoltaic devices with no hole transport layer (curve labeled as ITO), with a 30-nm PEDOT: PSS layer and a 2-nm thick GO film. (**c**) Current--voltage characteristics of ITO/GO/P3HT: PCBM/Al devices with different GO thickness. All measurements were under simulated A.M. 1.5 illumination at 100 mW/cm^2^. Reproduced with permission \[[@B83-polymers-11-01858]\]. (**d**) AFM images and (**e**) conductivity of spin-coated GO-film, r-GO film, and pr-GO film. Reproduced with permission \[[@B90-polymers-11-01858]\]. (**f**,**g**) Schematic diagram and structure of PSCs using a GO/PEDOT: PSS double hole transport layer. (**h**) I--V curves of PSCs using GO, PEDOT: PSS, and GO/PEDOT: PSS as hole transport layers. Reproduced with permission \[[@B93-polymers-11-01858]\].](polymers-11-01858-g006){#polymers-11-01858-f006}

![(**a**) Chemical structure and synthetic route of GO and GO-Cs. (**b**) Band diagram of normal and inverted soar cells using GO and GO-Cs as HTLs and electron transport layer (ETLs). (**c**, **d**) Performance of polymer with various HTLs and ETLs. Reproduced with permission \[[@B96-polymers-11-01858]\].](polymers-11-01858-g007){#polymers-11-01858-f007}

![(**a**) Schematic of various devices fabricated for investigation. No. 1 is the control device. Nos. 2--5 represent the layers from the respective devices on which the SWCNT monolayer was dip-coated. For device 4, another active layer was spin-coated after the deposition of the SWNT layer on P3HT/PCBM to effectively embed SWNTs in the P3HT/PCBM phase. (**b**) Monolayer of SWNT dip-coated on an Si substrate from a pristine Dimethylformamide (DMF) suspension. Reproduced with permission \[[@B100-polymers-11-01858]\]. (**c**) Schematic representation of the device architecture used to fabricate solution-processed PSC structures employing rr-P3HT/s-SWNT HTLs. The active layer consists of rr-P3HT/PC70BM, which is sandwiched between rr-P3HT/s-SWNT hole transport and BCP electron transport layers. ITO acts as the anode, whereas Al represents the cathode. (**d**) J--V characteristics of devices A (orange) and B (green) under AM 1.5G illumination with an irradiation intensity of 100 mW cm^−2^. (**e**) Suggested band diagram of the device (ITO/(rr-P3HT/s-SWNT)/(rr-P3HT/PC70BM)/BCP/Al) employing rr-P3HT/s-SWNT nanohybrids as an electron-blocking layer. The energy values are in electron volts. Reproduced with permission \[[@B101-polymers-11-01858]\].](polymers-11-01858-g008){#polymers-11-01858-f008}

![Current density--voltage curves of PSCs using different thicknesses of GO (**a**) or GQDs (**b**) as HTLs. Reproduced with permission \[[@B104-polymers-11-01858]\]. (**c**) Schematic illustration of the device with rGQDs in the BHJ layer and GQDs in HTL (PEDOT: PSS). (**d**) J--V curves, (**e**) dark J--V curves, and (**f**) IPCE of the devices with plain PEDOT: PSS and BHJ (black); PEDOT: PSS with GQDs (red); BHJ with rGQDs (blue); and GQDs and rGQDs added to PEDOT: PSS and BHJ, respectively (green). The concentration ratios of GQDs and rGQDs were 0.4 and 0.02 wt %, respectively. Reproduced with permission \[[@B105-polymers-11-01858]\]. (**g**) Secondary electron cutoff region in ultraviolet photoelectron spectra of GQD-NI interlayer on Al and Ag. (**h**) Energy level diagram of the PSC devices based on the PCDTBT: PC~71~BM active layer with GQD-NI ETLs. (**i**) J--V curves of the PSC devices under AM1.5G illumination with different ETLs using PCDTBT: PC~71~BM as the active layer. Reproduced with permission \[[@B106-polymers-11-01858]\].](polymers-11-01858-g009){#polymers-11-01858-f009}

![(**a**) Device configuration of the inverted PSCs using C~3~N~4~ as cathode interfacial layers. The left images show the schematic structure of C~3~N~4~ and the AFM topography image of C~3~N~4~ nanosheets on mica substrates. (**b**) Chemical structures of donor material PBDTTT-C and acceptor PC71BM. (**c**) Schematic energy level diagram of the inverted PSCs. (**d**) Transmittance spectra of ITO and ITO/ C~3~N~4~ and optical absorption spectra of ITO/PBDTTT-C: PC~71~BM and ITO/ C~3~N~4~/PBDTTT-C: PC~71~BM. (**e**) J--V characteristics of inverted PSCs with and without C~3~N~4~ as ETL. Reproduced with permission \[[@B112-polymers-11-01858]\].](polymers-11-01858-g010){#polymers-11-01858-f010}
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